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Demonstrate Developmental Changes in Hi Association
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The in vivo association of histone Hl with specific genes in Tetrahymena thermophila was studied by using a

simplified cross-linking and immunoprecipitation technique. Four genes were analyzed whose activities vary in
three different developmental states (logarithmic growth, starvation, and conjugation). Hybridization of the
immunoprecipitated DNA to cloned probes showed an inverse correlation between the level of immunoprecip-
itation with Hl antiserum and transcriptional activity. This represents the first demonstration of an alteration
in histone Hl-DNA interaction associated with developmental changes in transcriptional activity.

The lysine-rich histone Hi proteins are associated with the
linker regions of chromatin and are proposed to serve as
general repressors of gene expression by inducing the for-
mation of a compact chromatin structure and by directly or
indirectly preventing the binding of transcription factors (27,
36; reviewed in references 30, 31, and 33). Numerous
correlative studies have demonstrated depletion of Hi in
isolated active chromatin and enrichment in inactive chro-
matin (9, 10, 26); however, there is also ample evidence
pointing to the presence of Hi in both transcriptionally
active and inactive genes (12, 19, 23, 32). Experimentally,
these studies involved methods subject to artifacts such as
Hi redistribution, altered protein and DNA conformations,
and perturbation of the linker regions by nucleases. It is well
known that Hi is easily dissociable from chromatin, even
under relatively mild conditions (see reference 31).

In the experiments described here, we have studied the
association of Hi with chromatin in different states of
transcriptional activity in Tetrahymena thermophila, a cili-
ated protozoan containing two different types of nuclei: a
somatic macronucleus and a germinal micronucleus (16).
During vegetative growth, transcription is restricted to the
macronucleus. The sexual phase of the life cycle, conjuga-
tion, can be induced by mixing starved cells of different
mating types (24). During conjugation, macronuclei degen-
erate while micronuclei undergo meiosis, fertilization, and
division to produce nuclei that differentiate into new macro-
and micronuclei. Although some micronuclear DNA se-
quences are transcribed during a brief period early in conju-
gation (21, 29), macronuclei are also the main source of gene
activity in this stage. Even in the transcriptionally active
macronucleus there are developmental changes in transcrip-
tional activity (4), and it is at the level of transcript initiation
that most genes are regulated in T. thermophila (28a). While
about 50% of the single-copy DNA of macronuclei is ex-
pressed in both growing cells and starved cells that are
competent to mate, a significant fraction of the expressed
genes are unique to one or the other state (4). Also, genes
have been cloned whose mRNAs accumulate in cells in a
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developmental stage-specific manner during conjugation
(22). Thus, developmental activation of Tetrahymena genes
can be viewed as a two-step process in which transcription-
ally inert micronuclear genes become transcriptionally com-
petent macronuclear genes that in turn become active in a
developmental stage-specific manner.

Interestingly, the two nuclei have very different histones
associated with the linker region of their chromatins. Macro-
nuclei contain a very lysine rich protein with solubility
properties, secondary modification, and amino acid compo-
sition of Hi but which lacks features of the central globular
domain typical of metazoan Hls (38). Micronuclei contain
four incompletely characterized linker-associated peptides
that are distinct from Hi (1, 2). Thus, in T. thermophila as in
other organisms, there is evidence suggesting that differ-
ences in linker histones are associated with marked differ-
ences in transcriptional competence. The question arises as
to whether any changes in histone Hi accompany changes in
transcriptional activity of specific genes in different devel-
opmental stages of the life cycle.
We have used an improved method of formaldehyde

cross-linking in situ and immunoprecipitation to show that
changes in the association of Hi accompany changes in
transcriptional activity in different developmental stages.

Characterization of the cross-linking and immunoprecipita-
tion technique. The technique of fractionating chromatin
with specific antibodies to DNA-binding proteins has been
used to study protein-DNA interactions (3, 14, 18, 28). The
power of the method is increased by including a step to
covalently bond the proteins to DNA, thus avoiding artifac-
tual rearrangements. Solomon et al. (28) fixed Drosophila
tissue culture cells directly with the reversible protein-
protein and protein-DNA cross-linking agent formaldehyde
(20), followed by immunoprecipitation with anti-H4 antibody
to show that histone H4 remained associated with actively
transcribed heat shock genes. We developed a modification
of this formaldehyde fixation and immunoprecipitation tech-
nique by using crude serum and by removing a CsCl purifi-
cation step and have adapted it for use on Tetrahymena
macronuclear chromatin with Hi antiserum (i0a). Briefly,
the method involves in vivo fixation with 1% formaldehyde
added directly to cultures of T. thermophila in logarithmic
growth (17), starvation (17), or conjugation (50 to 70%
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pairing at 3 to 5 h) (22). After 3 min, the cells were washed
at 4°C for 10 min in the following buffers: phosphate-buffered
saline; 0.25% Triton X-100-10 mM EDTA-0.5 mM EGTA-
10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES), pH 6.5; and 200 mM NaC1-1 mM EDTA-0.5
mM EGTA-10 mM HEPES, pH 6.5. The cells were resus-
pended in 2% sodium dodecyl sulfate (SDS}-10 mM
EDTA-50 mM Tris, pH 8.1, to a density of 0.5 x 107/ml, and
the following protease inhibitors were added: leupeptin (1
VzM), pepstatin (1 FM), and pheylmethylsulfonyl fluoride (1
mM). The chromatin was sheared to an average DNA
fragment size of -600 bp by 10 10-s bursts of sonication at
4°C. The sonic fluid was centrifuged (16,000 x g, 5 min) to
pellet insoluble material and diluted 20-fold with 1% Triton
X-100-2 mM EDTA-20 mM Tris, pH 8.1, and additional
protease inhibitors.

Immunoprecipitation reaction mixtures contained chro-
matin equivalent to 5 jg of DNA and 200 RI of anti-Hi serum
in a 10-ml final volume of 1% Triton X-100-0.1% SDS-2 mM
EDTA-500 mM NaCl-20 mM Tris, pH 8.1, with fresh
protease inhibitors. Hi antiserum was raised in rabbits
against purified Hi protein as described previously (6). After
an overnight reaction at 4°C, the immune complexes were
precipitated with 6 serum volumes of protein A-Sepharose
beads (Pharmacia; 1:1 slurry in 10 mM Tris-I mM EDTA,
pH 8). The complexes were eluted in 100 mM NaHCO3-1%
SDS after washing to remove nonspecifically bound DNA
and chromatin. Following proteinase treatment and ethanol
precipitation, the cross-links were reversed by heating to
65°C for 6 h and the DNA was purified by standard methods.
Optimum immunoprecipitation with Hi antiserum was

found to occur with 3 min of formaldehyde treatment, which
resulted in cross-linking of 10 to 20% of total Hi protein and
immunoprecipitation of approximately 15 to 25% of 3H-
labeled DNA, with background immunoprecipitation less
than 2% of the specific immunoprecipitation in the presence
of 500 mM NaCl. The specificity of the Hi antiserum was
demonstrated by immunoblot studies, examination of immu-
noprecipitated proteins, and competition with exogenous
histone and high-mobility-group proteins (10a).
Hi binding is altered in a gene-specific manner in different

stages of development. It could be argued that the changes in
histone-DNA interactions occurring in the Drosophila heat
shock genes, the model chosen by Solomon et al. (28) and
Nacheva et al. (23) for their studies on histone-DNA asso-
ciations, are representative of all genes in all organisms.
However, the DNase I hypersensitivity of the 5' ends of both
active and inactive heat shock genes (37) and the high
density of polymerase molecules on these genes in the active
state (15) suggest that the chromatin structure of heat shock
genes may be different from that of the majority of normally
transcribed genes. With this in mind, we examined four
genes (transcribed by two different polymerases) whose
transcriptional activities vary in each of three normal devel-
opmental states of T. thermophila: the conjugation-specific
genes ngoA and cnjB and the ribosomal DNA (rDNA) and
actin genes. DNA from immunoprecipitated chromatin was
probed with 32P-labeled (13) cloned fragments from these
genes. An example of the autoradiograms derived from the
hybridization of immunoprecipitated and total DNA with the
actin gene ofT. thermophila is shown in Fig. 1. Ratios of the
autoradiographic signals from these hybridizations with four
gene sequences are shown in Fig. 2, in which the values
represent the ratios of the amount of a particular sequence in
the immunoprecipitated DNA compared with the starting
DNA (bulk).
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FIG. 1. Samples of slot blots of Hi immunoprecipitated and total
DNA hybridized to an actin gene probe. Samples of 50 and 25 ng of
immunoprecipitated or bulk (total) DNA were blotted onto Magna-
graph (MSI), and the blots were hybridized (see reference 34 for
conditions) with 32P-labeled probes made from the T. thermophila
actin gene (see legend to Fig. 2). Shown are the autoradiograms from
the three different immunoprecipitation preparations.

For any particular probe, the immunoprecipitation can be
compared between developmental states. The rDNA probe,
for example, is relatively depleted in immunoprecipitated
DNA (ratio of bound to total, <0.5) in log-phase chromatin
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FIG. 2. Hybridization analysis of DNA immunoprecipitated with
Hi antiserum. Formaldehyde-cross-linked solubilized chromatin
was immunoprecipitated with anti-Hi antiserum, and the purified
DNA was subjected to hybridization analysis. Blots were hybridized
with 32P-labeled probes made from the following cloned Tetrahy-
mena gene fragments: pRP-9, a 2-kb HindIll fragment containing
the 26S rRNA gene (rDNA;11); p583-2, a 970-bp BglII-HindIII
fragment of the actin gene containing coding and 247 bp of 5'
noncoding DNA (8); and the conjugation genes pC2-1 and pC5-5, a
3.4-kb fragment of the cnjB gene and a 1-kb fragment of the ngoA
gene, respectively (22). The autoradiographic signals were quanti-
tated by densitometry. The data are presented as the ratio of the
immunoprecipitated DNA signal (bound fraction) to the signal from
bulk, unfractionated DNA (total). Error bars represent the range
about the mean for two expriments. Solid bars, Logrithmically
growing cells; cross-hatched bars, starved cells; stippled bars,
conjugating cells.
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FIG. 3. Hi enrichment in immunoprecipitated DNA relative to
logarithmically growing cells. Bound/total ratios (Fig. 2) from
starved or conjugating cells relative to logarithmic cells were used to
calculate the percentage change relative to the logarithmic state.
The data thus represent the percentage increase or decrease of Hi
cross-linking in starved (solid bars) or conjugating (cross-hatched
bars) cells relative to logarithmically growing cells. Values in
parentheses are the level of run-on transcription in starved and
conjugating Tetrahymena cells relative to logarithmically growing
cells from the data of Stargell et al. (28a) (see text).

and is increased in its representation in the bound fraction as
the cell proceeds into starvation and subsequent conjuga-
tion. The conjugation gene ngoA shows the opposite effect;
it is more enriched in the bound fraction in logarithmically
growing cells than in starved or conjugating cells.

Figure 3 presents an arrangement of the data that facili-
tates comparison between genes as well as between states
for a single gene. In this figure, the data are presented as the
percentage increase or decrease in the enrichment of gene

sequences in the Hi immunoprecipitate from starved and
conjugating cells relative to the logarithmic state. Compared
with log-phase cells, the immunoprecipitability of some

genes (rDNA and actin) goes up in starved and conjugating
cells while that of another gene (ngoA) goes down. The
immunoprecipitability of the cnjB gene remains unchanged
in starved cells but goes down considerably in conjugating
cells. The important point to note is that immunoprecipita-
bility with Hi antiserum is gene specific, not developmental
stage specific. There is no simple tendency for all genes in a

particular developmental stage to be associated with more or

less Hi when analyzed by these techniques.
Changes in the immunoprecipitability of genes with anti-HI

serum are inversely correlated with transcriptional activity.
Stargell et al. (28a) have analyzed the transcription rates of a

variety of genes in nuclei isolated from growing, starved, or

conjugating T. thermophila, and the ratios of the transcrip-
tion rates for starved and conjugating cells relative to loga-
rithmically growing cells have been incorporated into Fig. 3
(values in parentheses). As the transcription data show, the
ribosomal and actin genes are transcribed at a lower rate in
starved and in conjugating cells than in growing cells, while
transcription of the cnjB and ngoA genes is detectable only
in conjugating or starved and conjugating cells, respectively.
Because some of the transcription rates are not detectable,
we have presented these data as fold differences; thus, there
is zero difference between two states in which transcripts are

not detectable.

It is readily apparent for all genes analyzed that the run-on
transcription data correlate inversely with the Hi immuno-
precipitation findings (Fig. 3). Genes whose concentration
increases in the immunoprecipitated chromatin of starved
and conjugating cells (rDNA and actin) are also transcribed
at a reduced rate relative to logarithmic cells. Likewise, the
reduced presence of ngoA and cnjB in the immunoprecipi-
tates from conjugating cells correlates with a marked in-
crease in transcription of these genes in this state. Though
the change in Hi immunoprecipitation between states is
small, averaging about two- to three-fold, there is a signifi-
cant correlation (r2 = 0.88) between the level of change in
transcription and the degree of change in Hi immunoprecip-
itation as the cells move from logarithmic growth into
starvation or conjugation. The small changes in immunopre-
cipitation may be explained by the fact that there are
multiple copies of each gene in the highly polyploid Tetra-
hymena macronuclear genome and all copies may not be
transcriptionally active at any one time.
Changes in the physical association of Hi with DNA in

different states of transcriptional activity. The simplest inter-
pretation of our finding of an inverse correlation between the
immunoprecipitability of specific genes with anti-Hi serum
and their transcriptional activity is that there is a decrease in
the amount of Hi associated with transcribed genes. This
view would support previous findings that suggest an ab-
sence of Hi on active genes (9, 10, 26; reviewed in reference
31). However, consideration of the fixation-immunoprecipi-
tation procedure and the nature of DNA-protein interactions
allows other interpretations. It is possible that the Hi-DNA
contacts on active genes change in a way that renders the Hi
unable to form a formaldehyde-mediated cross-link to DNA
even though it remains associated with the active gene.
Nacheva et al. (23) studied Hi cross-linking to a heat shock
gene in Drosophila tissue culture cells by using two depuri-
nation-reduction cross-linking protocols. Their studies
clearly demonstrated that the activation resulted in a loss of
cross-linking via the globular core region, with little or no
effect on cross-linking through the terminal regions. Thus,
under their conditions, a transcription-associated change in
the nature of the Hi-DNA interaction occurs without com-
plete removal of the protein from contact with the gene.
While a similar phenomenon could explain the results re-
ported here, a number of differences between our studies
and those of Nacheva et al. are worth noting. Tetrahymena
Hi does not possess the conserved central globular region
typical of metazoan Hls. It does contain an unusually large
number of evenly distributed basic residues (55 lysines and 3
arginines out of 173 amino acids), the primary amino acids
cross-linked to DNA by formaldehyde (25, 35). Lysine-
specific depurination-reduction and formaldehyde cross-
linking should give similar results since they both require
short distances (<0.2 nm) between the reactive groups (20,
23) and rely on the proximity of lysine to purines, in which
exocyclic nitrogens serve as the second reactive site for
formaldehyde (5). It seems likely that if any region of the Hi
were still in close contact with the transcriptionally active
DNA in T. thermophila, it would probably be cross-linked
by formaldehyde.
Another possible explanation for the results reported here

is that Hi molecules remain associated with active genes but
somehow lose their antigenicity. It is unlikely that transcrip-
tional activity causes a conformational change in Hi that
results in reduced antibody reaction with epitopes, in light of
recent findings of immunoreactive Hi associated with tran-
scriptionally active regions of polytene chromosomes (12,
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19). It is possible that the protein has reacted with formal-
dehyde to mask the epitope(s). If such an immunologic
artifact is occurring in our studies, it is specific, reproduc-
ible, and correlated with changes in transcriptional activity.
More importantly, it represents an altered Hi structure or
Hi-DNA interaction.

Supporting evidence for the presence of Hi on active
genes comes from the work of Colavito-Shepanski and
Gorovsky (7), who showed that the ratio of Hi to DNA (and
to core histones) in isolated Tetrahymena chromatin highly
enriched in active ribosomal genes was the same as that of
total (nonribosomal) macronuclear chromatin. In the present
experiments, ribosomal genes in a state of higher transcrip-
tional activity are inefficiently immunoprecipitated with Hi
antiserum (bound/total < 0.5; Fig. 2). These results argue
that in growing Tetrahymena cells, Hi is still present on
active ribosomal genes, but the association is changed so
that the Hi-DNA interaction is no longer sufficiently inti-
mate to allow efficient cross-linking with formaldehyde,
resulting in reduced immunoprecipitation. In this manner,
behavior of the entire Hi molecule of T. thermophila would
resemble that of the Hi globular core in transcriptionally
active Drosophila heat shock genes. It seems likely that
reduction of the Hi-DNA interaction without complete
dissociation of Hi is a general feature of transcriptional
activation in eukaryotes. It remains to be determined
whether this change precedes and is a prerequisite for
transcription or is a consequence of passage of RNA poly-
merase molecules through an active gene.

We extend special thanks to Kathy Karrer for the conjugation
genes and to Laurie Stargell for communication of data prior to
publication. Further thanks go to Ron Pearlman for the gift of the
actin gene (p583-2) and the rDNA gene (pRP-9).

This work was supported by grants from the NIH and the
American Cancer Society to M.A.G. and C.D.A. and by a James P.
Wilmot Cancer Research Fellowship awarded to P.C.D.

REFERENCES
1. Allis, C. D., R. L. Allen, J. C. Wiggins, L. G. Chicoine, and R.

Richman. 1984. Proteolytic processing of Hi-like histones in
chromatin-a physiologically and developmentally regulated
event in Tetrahymena micronuclei. J. Cell Biol. 99:1669-1677.

2. Allis, C. D., C. V. C. Glover, and M. A. Gorovsky. 1979.
Micronuclei of Tetrahymena contain two types of histone H3.
Proc. Natl. Acad. Sci. USA 76:4857-4861.

3. Blanco, J., J. C. States, and G. H. Dixon. 1985. General method
for isolation of DNA sequences that interact with specific
nuclear proteins in chromosomes-binding of the high mobility
group protein HMG-T to a subset of the protamine gene family.
Biochemistry 24:8021-8028.

4. Calzone, F. J., V. A. Stathopoulos, D. Grass, M. A. Gorovsky,
and R. C. Angerer. 1983. Regulation of protein synthesis in
Tetrahymena: RNA sequence sets of growing and starved cells.
J. Biol. Chem. 258:6899-6905.

5. Chaw, Y. F. N., L. E. Crane, P. Lange, and R. Shapiro. 1980.
Isolation and identification of cross-links from formaldehyde-
treated nucleic acids. Biochemistry 19:5525-5531.

6. Chicoine, L. G., D. Wenkert, R. Richman, J. C. Wiggins, and
C. D. Allis. 1985. Modulation of Hi-like histone during devel-
opment in Tetrahymena: selective elimination of linker histone
during the differentiation of new macronuclei. Dev. Biol. 109:
1-8.

7. Colavito-Shepanski, M., and M. A. Gorovsky. 1983. The histone
content of Tetrahymena ribosomal gene-containing chromatin.
J. Biol. Chem. 258:5944-5954.

8. Cupples, C. G., and R. E. Pearlman. 1986. Isolation and
characterization of the actin gene from Tetrahymena thermo-
phila. Proc. Natl. Acad. Sci. USA 83:5160-5164.

9. Czupryn, M., and K. Toczko. 1985. Lack of nucleosomal

structure in a DNase-I-solubilized transcriptionally active chro-
matin fraction of Physarum polycephalum. Eur. J. Biochem.
147:575-580.

10. Davie, J. R., and C. A. Saunders. 1981. Chemical composition of
nucleosomes among domains of calf thymus chromatin differing
in micrococcal nuclease accessibility and solubility properties.
J. Biol. Chem. 256:12574-12580.

10a.Dedon, P. C., J. A. Soults, C. D. Allis, and M. A. Gorovsky.
Submitted for publication.

11. Engberg, J., N. Din, W. A. Eckert, W. Kaffenberger, and R. E.
Pearlman. 1980. Detailed transcription map of the extrachromo-
somal ribosomal RNA genes in Tetrahymena thermophila. J.
Mol. Biol. 142:289-313.

12. Ericsson, C., U. Grossbach, B. Bjorkroth, and B. Daneholt. 1990.
Presence of histone Hi on an active Balbiani ring gene. Cell
60:73-83.

13. Feinberg, A. P., and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 132:6-13.

14. Gilmour, D. S., and J. T. Lis. 1984. Detecting protein-DNA
interactions in vivo: distribution ofRNA polymerase on specific
bacterial genes. Proc. Natl. Acad. Sci. USA 81:4275-4279.

15. Gilmour, D. S., and J. T. Lis. 1986. RNA polymerase II
interacts with the promoter region of the noninduced hsp70 gene
in Drosophila melanogaster cells. Mol. Cell. Biol. 6:3984-3989.

16. Gorovsky, M. A. 1973. Macro- and micronuclei of Tetrahymena
pyriformis: a model system for studying the structure and
function of eukaryotic nuclei. J. Protozool. 20:19-25.

17. Gorovsky, M. A., M.-C. Yao, J. B. Keevert, and G. L. Pleger.
1975. Isolation of micro- and macronuclei of Tetrahymena
pyriformis. Methods Cell Biol. 9:311-327.

18. Hebbes, T. R., A. W. Thorne, and C. Crane-Robinson. 1988. A
direct link between core histone acetylation and transcription-
ally active chromatin. EMBO J. 7:1395-1402.

19. Hill, R. J., F. Watt, C. M. Wilson, T. Fifis, P. A. Underwood, G.
Tribbick, H. M. Geysen, and J. 0. Thomas. 1989. Bands,
interbands, and puffs in native Drosophila polytene chromo-
somes are recognized by a monoclonal antibody to an epitope in
the carboxy-terminal tail of histone Hi. Chromosoma 98:411-
421.

20. Jackson, V. 1978. Studies on histone organization in the nucle-
osome using formaldehyde as a reversible cross-linking agent.
Cell 15:945-954.

21. Martindale, D. W., C. D. Allis, and P. J. Bruns. 1985. RNA and
protein synthesis during meiotic prophase in Tetrahymena ther-
mophila. J. Protozool. 32:644-649.

22. Martindale, D. W., and P. J. Bruns. 1983. Cloning of abundant
mRNA species present during conjugation of Tetrahymena
thermophila: identification of mRNA species present exclu-
sively during meiosis. Mol. Cell. Biol. 3:1857-1865.

23. Nacheva, G. A., D. Y. Guschin, 0. V. Preobrazhenskaya, V. L.
Karpov, K. K. Ebralidse, and A. D. Mirzabekov. 1989. Change
in the pattern of histone binding to DNA upon transcriptional
activation. Cell 58:27-36.

24. Orias, E. 1986. Ciliate conjugation, p. 45-84. In J. G. Gall (ed.),
Molecular biology of ciliated protozoa. Academic Press, Inc.,
Orlando, Fla.

25. Puchtler, H., and S. N. Meloan. 1985. On the chemistry of
formaldehyde fixation and its effects on immunohistochemical
reactions. Histochemistry 82:201-204.

26. Ridsdale, J. A., and J. R. Davie. 1987. Chicken erythrocyte
polynucleosomes which are soluble at physiologic ionic strength
and contain linker histones are highly enriched in ,B-globin gene
sequences. Nucleic Acids Res. 15:1081-1096.

27. Schlissel, M. S., D. D. Brown. 1984. The transcriptional regula-
tion of Xenopus SS RNA genes in chromatin: the roles of active
stable transcription complexes and histone Hi. Cell 37:903-913.

28. Solomon, M. J., P. L. Larsen, and A. Varshavsky. 1988. Map-
ping protein-DNA interactions in vivo with formaldehyde: evi-
dence that H4 is retained on a highly transcribed gene. Cell
53:937-947.

28a.Stargell, L., K. Karrer, and M. A. Gorovsky. Transcriptional
regulation of gene expression in Tetrahymena thermophila.

1732 NOTES



NOTES 1733

Nucleic Acids Res. 18:6637-6639.
29. Sugai, T., K. Hiwatashi. 1974. Cytological and autoradiographic

studies of the micronucleus at meiotic prophase in Tetrahymena
pyriformis. J. Protozool. 21:542-548.

30. Thoma, F. 1988. The role of histone Hi in nucleosomes and
chromatin fibers, p. 163-185. In G. Kahl (ed.), Architecture of
eukaryotic genes. VCH, Weinheim, Federal Republic of Ger-
many.

31. van Holde, K. E. 1989. Chromatin, p. 219-288. Springer-Verlag,
New York.

32. Weintraub, H. 1984. Histone Hi-dependent chromatin super-
structures and the suppression of gene activity. Cell 38:17-27.

33. Weintraub, H. 1985. Assembly and propagation of repressed
and derepressed chromosomal states. Cell 42:705-711.

34. White, E. M., D. L. Shapiro, C. D. Mlis, and M. A. Gorovsky.
1988. Sequence and properties of the message encoding Tetra-

hymena hvi, a highly evolutionarily conserved histone H2A
variant that is associated with active genes. Nucleic Acids Res.
16:179-198.

35. Wold, F. 1967. Bifunctional reagents. Methods Enzymol. 11:
617-641.

36. Wolffe, A. 1989. Dominant and specific repression of Xenopus
oocyte 5S RNA genes and satellite I DNA by histone Hi.
EMBO J. 8:527-537.

37. Wu, C. 1980. The 5' ends of Drosophila heat shock genes in
chromatin are hypersensitive to DNase I. Nature (London)
286:854-860.

38. Wu, M., C. D. Allis, R. Richman, R. G. Cook, and M. A.
Gorovsky. 1986. An intervening sequence in an unusual histone
Hi gene of Tetrahymena thermophila. Proc. Natl. Acad. Sci.
USA 83:8674-8678.

VOL. 1l, 1991


